Major changes in tectonic style can lead to tapping of highly variable magma sources and potentially result in significant episodes of crustal growth. Here we focus on magmatism associated with a transition from arc magmatism to subsequent over-thickening and eventual orogenic collapse. This transition is associated with cessation of subduction and was followed by continental extension and finally continental break-up as recorded in the Cretaceous magmatic record of Zealandia. Orogenic collapse peaked at $110 Ma and is expressed through core complex formation and the intrusion of I-to evolved I/S-type Rahu Suite plutons that have widely varying chemical compositions but homogeneous whole-rock and zircon isotopic signatures that are intermediate between mantle and local upper crust values. The Rahu Suite is interpreted to be derived from differing degrees of melt extraction from a pre-existing lower crustal source and lacks a demonstrable juvenile component. This lower crustal source was likely formed by magmatic underplating and melt-crust hybridization during preceding arc volcanism (Separation Point and Darran suites), effectively smearing out a pulsed event of crust formation in the zircon record. Therefore, late orogenic I-and I/S-type suites do not have to equate to crustal growth and can be an expression of crustal re-melting. An abrupt change in magma sources in Zealandia occurred after 100 Ma during the onset of progressive crustal extension. A juvenile alkaline component (presumably derived from the lithospheric mantle) is suggested to have been present from >97 Ma. This component became more pronounced with time until the emplacement of granites and trachytes with isotopic signatures overlapping with coeval mafic mantle-derived dikes during bimodal rift-related magmatism. The juvenile alkaline component dictated the composition of the felsic magmas but did not represent a significant crustal growth event due to small total volumes.
INTRODUCTION
Continental breakup is a protracted process that is usually accompanied by prolonged periods of crustal extension and rift-failure before successful separation through the formation of an ocean basin is achieved. As a result, a passive margin consisting of extremely thinned continental crust develops on one or both sides of the rift (e.g. Lister et al., 1991) . Usually, such thinned and extended crust is submerged because of the isostatic response to cooling of the newly-formed passive margin. As a consequence, detailed field studies that constrain the geochemical aspects of the tectonomagmatic evolution of these areas are rare and only possible in regions affected by subsequent uplift (e.g. Gü rer et al., 2018) . Study of in situ extended crust is limited to seismic reflection studies (e.g. Unternehr et al., 2010; Sutra & Manatschal, 2012; Bache et al., 2014) , numerical modelling (e.g. Brune et al., 2014) and borehole/dredge sampling (e.g. Mortimer et al., 2018) . A detailed knowledge of the geological history of progressively extended crust is, however, critical to the reconstruction of the causes and duration of rifting, the formation of sedimentary basins and the sources, volumes and spatio-temporal variations of associated magmatic activity.
The majority of Zealandia consists of submerged continental crust (Mortimer et al., 2018) that was thinned preceding and during local break-up of the Gondwana supercontinent margin in the Cretaceous ( Fig. 1 ; Laird & Bradshaw, 2004; van der Meer et al., 2016) . On the western South Island, Neogene-recent transpression along the Alpine Fault (e.g. Wellman, 1979; Cooper et al., 1987; Kamp et al., 1992) has resulted in the uplift of a sliver of previously extended crust, partly exposing it in Westland (Fig. 2) . The geology of Westland is exceptionally well suited to study the chronology and tectonomagmatic evolution of the upper crust during extension; the situation on the footwall of the Alpine Fault has caused uplift, but the conservation of the shallowly emplaced Cretaceous French Creek Granite (Waight et al., 1998a) indicates limited ($3 km) local denudation after continental separation. Deformation or thermal/tectonic overprinting of extension-related features is likewise limited, based on fission track and biotite 40 Ar/ 39 Ar cooling ages (e.g. Kamp et al., 1992; Spell et al., 2000; Ring & Bernet, 2010; van der Meer et al., 2013) . Importantly, although considerable work remains to be done to fully constrain the geology of the submerged crust west of New Zealand in the Tasman Sea, largescale geological trends continue on the vast adjacent offshore continental plateaux of Zealandia (Mortimer et al., 2018) and Westland can, therefore, be considered broadly representative for these submerged areas (e.g. Mortimer 2004 .
Previously, Tulloch et al. (2009a) proposed that Zealandia-wide felsic magmatism became gradually more A-type (or alkaline) after the onset of extension Scott (2013) and van der Meer et al. (2017a) with (b) simplified cross-section, after Mortimer et al. (2014) and Schwartz et al. (2017) . Cross-section is not to scale, WFO: Western Fiordland Orthogneiss, lower crustal equivalent of Separation Point Suite, not exposed in Westland (Muir et al., 1995) . (c) Regions of extension and intra-plate magmatism prior to and (d) after opening of the Tasman Sea (after Timm et al., 2010; van der Meer et al., 2016; Mortimer et al., 2018) . ($110 Ma) and related this to a decrease in crustal contributions to mantle melts through progressive crustal thinning. We greatly expand the existing data for 113-72 Ma felsic magmatism in the Western Province, allowing a precise description of the magmatic evolution of the region. These ages bracket the period when regional tectonics in New Zealand changed from subduction-related compression to continental extension, eventually leading to continental break-up at $84 Ma (Gaina et al., 1998; van der Meer et al., 2016) .
Oxygen and Hf isotopes are important tracers that can characterise the source components of magmatism (e.g. Kinney & Maas, 2003; Valley, 2003; Kemp et al., 2006; Scherer et al., 2007; Bolhar et al., 2008a; van der Meer et al., 2017b) . Zircon acts as a robust recorder of parental melt compositions for these isotope systems and preserves the time of crystallisation through U/Pb and Th/Pb ages. Here, whole-rock chemistry and Sr-Nd isotopes are combined with zircon ages and Hf-O isotope analyses and compared against regional reference Fig. 2 . Simplified geological map of the studied area in Westland (modified after Nathan et al., 2002; Cox & Barell, 2007; van der Meer et al., 2017a) . PMCC, Paparoa Metamorphic Core Complex (includes Buckland Granite). Inset shows location of field area in present day New Zealand, the location of DSDP-207 and major features such as the Median Batholith (Inboard and Outboard) dividing the Eastern and Western Provinces, the Alpine Fault, Hikurangi Plateau and Hikurangi (north) and Puysegur (south) subduction zones.
data to further resolve different mantle sources, crustal recycling and crustal growth during the magmatic evolution of Zealandia's crust from volcanic arc through extension to continental break up.
GEOLOGICAL SETTING
Zealandia's basement is geologically young and formed through the Palaeozoic-Mesozoic accretion of a series of sedimentary and volcanic tectonostratigraphic terranes onto Gondwana's eastern active margin (Bradshaw, 1989; Mortimer, 2004) . A primary subdivision can be made between the Western Province representing inboard Gondwana and the Eastern Province representing accreted terranes (Landis & Coombs, 1967; Cooper & Palin, 2018) which are stitched by the Median Batholith, a former magmatic arc Tulloch & Kimbrough, 2003; Scott, 2013, Fig. 1) . The basement to the Western Province comprises metasedimentary rocks of the Buller Terrane and the volcano-sedimentary sequence of the Takaka Terrane (Fig. 1 ). The two terranes are separated by the Anatoki Fault (Cooper 1979 (Cooper , 1989 and were merged prior to 354 Ma (Tulloch et al., 2009b) or even 371 Ma (Jongens, 2006; Turnbull et al., 2013 Turnbull et al., , 2016 . Metasedimentary rocks of the Buller Terrane (predominantly Greenland Group) are early Ordovician fore-arc turbidites (Laird, 1972; Cooper, 1974) regionally metamorphosed in the late Ordovician to greenschist facies (Adams, 2004) and locally to higher grades (Scott et al., 2011a; Mortimer et al., 2013; Palmer et al., 2015; Ritchie et al., 2015) . The adjacent Takaka Terrane consists of an amalgamation of a Cambrian volcanic-volcaniclastic arc assemblage and an Ordovician-Devonian passive margin sequence (e.g. Cooper, 1989; Mü nker & Cooper, 1995; Gutjahr et al., 2006) .
The metasedimentary basement terranes of the Western Province were intruded by I-, S-and A-type granites during the Palaeozoic and Mesozoic; making up $50% of the exposed basement surface area (e.g. Tulloch, 1988; Muir et al., 1994 Muir et al., , 1996b Waight et al., 1997; Allibone & Tulloch, 2004; Tulloch et al., 2009b; Turnbull et al., 2010) . Approximately half of the granitoids intruded during the Palaeozoic (Fig. 2 , see reviews in Tulloch et al., 2009b and Turnbull et al., 2016) . These intrusives and their Early Palaeozoic hostrocks are broadly equivalent to the Lachlan Orogen in Eastern Australia (e.g. Cooper & Tulloch, 1992; Muir et al., 1996a) . After a period of quiescence, granite emplacement recommenced from the Late Permian to Early Cretaceous and can be grouped into several suites. Prominent are the 232-130 Ma (generally) lowSr/Y Darran Suite and 131-105 Ma high-Sr/Y Separation Point Suite ( Fig. 1 ; Kimbrough et al., 1994; Muir et al., 1995 Muir et al., , 1998 Tulloch & Kimbrough 2003; Scott & Palin, 2008; Allibone et al., 2009; Scott et al., 2009; Decker et al., 2017; Milan et al., 2017; Schwartz et al., 2017) . These suites represent the final stages of prolonged subduction-related magmatism and juvenile crustal growth along the Gondwana margin and make up much of the extensive Median Batholith . The high Sr/Y and other 'adakite-like' characteristics of the Separation Point Suite are interpreted to be derived from lower crustal melting of mafic amphibolite-eclogite facies lithologies underplated during the preceding Darran Suite arc magmatism (McCulloch et al., 1987; Muir et al., 1995; 1998; Tulloch & Kimbrough, 2003; Bolhar et al., 2008b; Scott et al., 2011b) . More recently the Separation Point Suite has been suggested to be sourced from under-thrusted Gondwana crust (Milan et al., 2017) or, alternatively, by melting of subducted slab and lithospheric mantle, with a subordinate crustal component (Decker et al., 2017) . Further inboard, the coeval to younger metaluminous amphibole-bearing I-type to evolved two-mica I/S-type granites of the Rahu Suite are found in the Victoria and Paparoa Ranges (White, 1987; Tulloch, 1988) , Hohonu Ranges and Lake Kaniere region (Waight et al., , 1998b and in valleys cutting intervening low lying areas (e.g. Ritchie et al., 2015) as well as in Fiordland (Allibone et al., 2007) . The Rahu Suite is characterized by more crustal (evolved) isotopic signatures than the Separation Point and Darran suites and was likely intruded following crustal over-thickening that initiated at >126 Ma in a tectonic regime of orogenic collapse that peaked at $110 Ma (e.g. Waight et al., 1997 Waight et al., , 1998b Tulloch & Kimbrough, 2003; Stowell et al., 2010 Stowell et al., , 2017 Schwartz et al., 2017 ; this study).
The latest significant intrusions of the Separation Point and Rahu Suite granitoids occurred at 105 Ma, during a transition from regional compression to extension (e.g. Waight et al., 1998b; Tulloch et al., 2009a) . From $110 Ma several core complexes formed (e.g. Tulloch & Kimbrough, 1989; Kula et al., 2009) . In Westland, these include the Paparoa Metamorphic Core Complex (Tulloch & Kimbrough, 1989; Spell et al., 2000; Sagar & Palin, 2011; Schulte et al., 2014) and mylonitic fabrics suggesting the existence of core complexes in the Victoria (Tulloch & Challis, 2000; Ritchie et al., 2015) and perhaps the Bonar Ranges (Jongens, 2006; Ring & Bernet, 2010; Scott et al., 2011a; van der Meer et al., 2013) .
Magmatism post 105 Ma is limited in volume but geographically extensive (Tulloch et al., 2009a) and can provide important information on changing magma sources and processes during lithospheric extension. Upper crustal extension progressed with the formation of extensive, listric fault-bounded basins filled with Pororari Group sediments in Westland and the offshore plateaux (Bishop, 1992; Strogen et al., 2017) . Formation of these basins initiated from $101 Ma, based on ages of the basal Stitts Tuff Tulloch et al., 2009a; this study) . Coeval mafic calc-alkaline dikes were emplaced further inboard of Gondwana, now South Westland and the then conjugate margin of Antarctica (Storey et al., 1999) . Around $100 Ma the latest subduction ceased in the region (e.g. Laird & Bradshaw 2004 ), probably as a consequence of the collision of the Hikurangi Plateau with the active margin of Gondwana (Davy et al., 2008; Davy, 2014) . After $100 Ma the crust experienced regional heating (e.g. Jacob et al., 2017; Briggs et al., 2018;  this study) and from $92 Ma extension-related alkaline lamprophyric and basaltic magmatism occurred in Westland (inboard Gondwana) (Adams & Nathan 1978; van der Meer et al., 2013 van der Meer et al., , 2016 . This newlyemerged magmatism is an early representative of intraplate alkaline magmatism throughout Zealandia and previously conjugate Australia and Antarctica (Finn et al., 2005; Panter et al., 2017) that typically has a HIMU-like isotopic signature (e.g. Timm et al., 2010; van der Meer et al., 2017a) . These magmas likely originate from melting of lithospheric mantle (Panter et al., 2006; Sprung et al., 2007; Scott et al., 2016a; van der Meer et al., 2017a ; but also see e.g. Hoernle et al., 2006; Timm et al., 2009 Timm et al., , 2010 McGee et al., 2013 who favour an asthenospheric origin) that was metasomatized by carbonatite/CO 2 rich basaltic melts (Scott et al., 2014a (Scott et al., ,b, 2016b McCoy-West et al., 2015; Dalton et al., 2017) shortly after 100 Ma (McCoy-West et al., 2016; van der Meer et al., 2016 van der Meer et al., , 2017a ; this study). The orientation of mafic dikes and sedimentary basins indicates that they formed due to extension broadly parallel to the eventual opening direction of the Tasman Sea (e.g. Tulloch & Kimbrough, 1989; Bishop, 1992; Waight et al., 1998a) . This observation is corroborated by an abrupt paucity of dike emplacement from $84 Ma (van der Meer et al., 2016) and cessation of rapid exhumation of the Sister Shear Zone ) synchronous with ocean spreading initiation (Gaina et al., 1998) . These observations contrast with a continuation of magmatic activity after plume-induced continental break-up, typified by more voluminous volcanism (e.g. North Atlantic; Storey et al., 2007) . Magmatism and extension in Westland briefly re-initiated during deformation of Zealandia with emplacement of 72-68 Ma lamprophyre/trachyte intrusions (van der Meer et al., 2013 and minor rift formation in the latest Cretaceous-Palaeocene (Strogen et al., 2017) , after which the majority of alkaline volcanic activity shifted to the Eastern Province (Timm et al., 2010) . Outboard of the palaeo-arc in the Eastern Province, <100 Ma extension was accompanied by calcalkaline felsic magmatism of the Mount Somers Volcanic group at 99-96 Ma (Tappenden, 2003; van der Meer et al., 2017b) in the Rakaia Terrane. By contrast, nearby coeval mafic alkaline intraplate magmatism between 97-85 Ma (i.e. Mandamus: Weaver & Pankhurst, 1991; Tappenden, 2003; Chatham Island: Panter et al., 2006; Tapuaenuku and associated volcanics: e.g. Baker et al., 1994; McCoy-West et al., 2010) exhibit a HIMU source signature related to the partly subducted Hikurangi Oceanic Plateau that is distinct from the HIMU-like alkaline magmatism in the Western Province (van der Meer et al., 2017a) . In summary, 100-84 Ma magmatism is volumetrically minor but widespread in New Zealand. HIMU-like intraplate magmatism continued after 84 Ma throughout Zealandia with activity increasing from $50 Ma and has remained active up to historical times (e.g. Timm et al., 2010) . Coeval felsic equivalents occur sporadically throughout both onshore and offshore New Zealand (e.g. Tulloch et al., 2009a; Mortimer et al., 2018) and are the target of this study.
SAMPLES
The investigated samples span ages from orogenic collapse at $110 Ma to post continental breakup at $72 Ma and are supplemented with data published for preceding arc magmatism. New zircon O and Hf data are presented in this contribution along with whole-rock geochemistry and Sr-Nd isotope data that includes that of Tulloch et al. (2009a) . Previously published ages and new chronological results are compared in Table 1 .
ANALYTICAL METHODS

In situ zircon analysis Zircon preparation
Zircon was extracted and analysed by SIMS (secondary ion mass spectrometry) and LA-MC-ICP-MS (laser ablation multi collector inductively coupled plasma mass spectrometry) using the same methods and in the same analytical sessions as sample QH28 reported in van der Meer et al. (2017b) . For each sample >30 grains were mounted in epoxy (with the exception of QV18 (n ¼ 11) and P63855 (n ¼ 8) due to limited sample material) together with the G91500 zircon standard and polished down to reveal zircon mid-sections at the Geological Survey of Denmark and Greenland (GEUS). Zircon grains were imaged prior to isotope analysis using electron backscatter imaging on a JEOL JXA-8200 electron microprobe at the University of Copenhagen. New geochronological information is used primarily to identify inherited zircon and to ensure that we have the best possible age constraints to interpret the O and Hf isotope data. U-Th-Pb isotopes were measured first, followed by O and finally Hf, taking care to analyse close to the previous spot, or within the same zone of the crystal. Target grains were selected to include all visible zircon morphologies and different internal structures such as internally homogeneous grains, zoned grains and suspected inherited grains and/or domains. The mount was polished between analytical cycles to remove ablation pits. Examples of typical zircon grains and representative analysed spots for each sample are shown in Fig. 3 . A full report of the acquired spot data is presented in the Supplementary Data Table S1 ; supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org).; a summary is presented in Table 1 .
U-Th-Pb geochronology
A CAMECA ims1280 instrument (NordSIMS facility at the Swedish Museum of Natural History) was used for Secondary Ion Mass Spectrometry (SIMS) U-Th-Pb analyses, following the methodology of Whitehouse et al. (1999) and Whitehouse & Kamber (2004) . A 23 keV incident energy O À 2 primary beam with a spot size of c.15 mm was used; all analyses were carried out at a mass resolution (M/DM) of 5400 in peak-switching mode on a single ion counting electron multiplier. The 1065 Ma Geostandards zircon 91500 (Wiedenbeck et al., 1995) was used for the calibration of Pb/U and Th/U. Data have been corrected for common Pb when detectable amounts were present ( 204 Pb counts > 3 x SD on the average background) using the present-day composition of the Stacey & Kramers (1975) Pb spot ages are used to monitor the spread of nearconcordant zircon ages and assess the existence of multiple age populations (Sambridge & Compston, 1994) , also see results section. Inverse (TeraWasserberg) concordia ages (sensu Ludwig, 1998) were then calculated for populations interpreted to represent the emplacement age using the programme Isoplot version 4Á15 (Ludwig, 2008) , using the decay constant recommendations of Steiger & Jä ger (1977) . Errors on ages and weighted averages are reported at the 2r level, except where MSWD values exceed 2Á0 and the 95% confidence interval is reported.
Oxygen isotope measurement
The same CAMECA ims1280 ion microprobe was used to measure O-isotope ratios following methods similar to those outlined by Whitehouse & Nemchin (2009 Adams & Nathan (1978) c.2500 (M/DM) and analysed simultaneously using two Faraday detectors with amplifiers housed in an evacuated, temperature stabilized chamber. The secondary magnet field was locked at high stability using an NMR field sensor operating in regulation mode. (Wiedenbeck et al., 2004) , which was measured at regular intervals during the analytical session. Standard reproducibility of 0Á34& (2SD) for the analytical session was propagated with individual within-run errors to yield an overall uncertainty for each spot of between 0Á38 and 0Á50& at the 2r level.
Lu-Hf isotope measurement
Lu-Hf isotope analysis was carried out by LA-MC-ICP-MS, using a Nu Plasma HR multi-collector mass spectrometer at the Department of Geosciences, University of Oslo. Ablations were performed with a CETAC LX213G2þ laser microprobe equipped with a dual volume Helex cell. The analytical protocol described by Elburg et al. (2013) was followed. All ablations were made in helium which was mixed with argon within the plumbing system of the cell. A spot size of 50 mm was Hf ratios. A full report of spot analyses is presented in the Supplementary Data Table S1 . Because of limited sample availability after polishing, Lu-Hf zircon analyses for P63855 and most for P45553 were performed on a second mount, see Results section for details.
Whole-rock major and trace elements
New whole-rock major and trace element geochemistry and Sr and Nd isotopic compositions were obtained where data were lacking to support the zircon data for Cretaceous felsic magmatism in Westland. Existing powders for P52280 and P45553 were used. For the other samples (QV03, QV04, QV13, QV18 and URC2) weathering rinds of hand specimens were removed using a diamond-blade saw and xenolith inclusions were carefully picked out where identified. The samples were further processed to yield whole-rock powders using a stainless-steel jaw crusher and tungstencarbide ring mill. Typical contaminant elements from the milling process are limited to W, Sc, Co and Ta; although no obvious contamination was observed, these elements were excluded from the data set. To minimise the risk of contamination, the mill was first extensively brushed, then cleaned with compressed air and ethanol. Subsequently the mill was pre-conditioned by milling a sample aliquot and discarding it prior to milling a second aliquot to produce the powder used for analysis. For major element analyses, fused glass beads were prepared from whole-rock powder after determination of loss on ignition (LOI) by heating to 1000 C in a furnace. Major element concentrations were measured with a Philips Pananalytical MagiXPro XRF spectrometer at the Geological Technical Laboratory of the VU University in Amsterdam. Interference-corrected spectra intensities were converted to oxide concentrations using calibration curves consisting of natural standards closely approximating the felsic matrix. For trace elements and isotopes c.100 mg of sample powder was dissolved in a ca. 3:1 mix of pure concentrated HF and HNO 3 at 180 C in pressurized stainless-steel bombs. The digested sample was then re-dissolved in 6 N HCl to obtain a clear solution. A c.50% aliquot of the solution was dried down and re-dissolved in 1 N HNO 3 for trace element analysis using a PerkinElmer 6100 DRC Quadrupole ICP-MS at the GEUS in Copenhagen under routine conditions (Larsen & Pedersen, 2009 ). Concentrations were calibrated using two certified rare earth element (REE) solutions and three international reference standards (reference values from Govindaraju (1994) ), supplemented with newer values for the REE.
Whole-rock Sr and Nd isotopes
The isotopic compositions of Sr and Nd and concentration of Rb, Sr, Sm and Nd were measured by isotope dilution on the remainder of the dissolved sample using facilities at the University of Copenhagen. After equilibrating dissolved samples with mixed 87 Rb-84 Sr and   147 Sm-150 Nd spikes, Rb, Sr and a high field strength element cut (containing the rare-earth elements; REE) were obtained by passing the samples in 2 M HCl through 12 ml glass columns loaded with AG50W-X8 cation exchange resin. Sr cuts were further purified with a second pass through Sr-spec resin (after Waight et al., 2002) . Sm and Nd cuts were purified using columns loaded with 4 ml Eichrom Ln-spec resin. Isotopes were measured on a VG Sector 54 multi-collector thermal ionisation mass spectrometer. Rubidium and Sr cuts were loaded on a Re centre-filament in a droplet of 3 M H 3 PO 4 and TaF activator. Neodymium and Sm cuts were loaded in 2 M HCl on Ta side filaments with a Re centre filament. Rb and Sm were measured in static mode, Sr and Nd were run in multidynamic mode using an exponential mass fractionation correction and 86 Tanaka et al., 2000) . Trace element concentrations are normalized to spike-calculated Nd concentrations to eliminate variations attributed to weighing and dilution of solutions for ICP-MS.
RESULTS
Sample description, age and zircon O-Hf isotopes Deep Creek Trachyte (QV03, 71Á9 6 0Á4 Ma)
The Deep Creek Trachyte (Tulloch & Kimbrough, 1989) intrudes Palaeozoic Greenland Group metasediments in the Victoria Ranges (Fig. 2) . The quartz trachyte sample consists of a fine grained quartzo-feldspathic matrix containing up to cm-sized euhedral phenocrysts of alkali-feldspar and up to 3 mm phenocrysts of biotite. Biotite often contains inclusions of up to 0Á3 mm euhedral apatite and zircon, accessory opaques are also present.
Zircon from QV03 is variable in shape and size with most grains being 100-150 mm by 50 mm, with exceptions up to 300 mm. One large grain revealed internal structure, with an irregularly zoned core surrounded by a homogeneous overgrowth ( Pb ages for 35 spots on 31 grains range between 69Á5 and 74Á4 Ma, with a weighted average of 71Á9 6 0Á5 Ma (95% CI), with a high MSWD of 3Á6 indicating the presence of multiple age populations. The age spectrum can be unmixed into three components (70Á1 6 0Á9 Ma, 71Á7 6 0Á6 and 73Á8 6 0Á.6 Ma; Fig. 4a ). Two core analyses (#25 and 10) yield $70 Ma ages, but significantly older rims (#24 and 9). Therefore, the $70 Ma ages for the six youngest analyses may represent domains that experienced Pbloss. The remaining older ages still have a high MSWD of 2Á2. The dominant population of intermediate age analyses (n ¼ 20) yields a concordant age of 71Á9 6 0Á4 Ma (Fig. 4b ). This age is interpreted as the emplacement age, slightly younger than the biotite K/Ar age of 73Á2 6 0Á5 Ma reported by Tulloch & Kimbrough (1989 Hf (t) of 0Á28281 and 0Á28294 (t ¼ 72 Ma); translating to eHf (t) between þ2Á4 and þ7Á0, with an average of þ4Á6 6 0Á5 (95% CI) and MSWD ¼ 2Á2. The majority of the variability in O and Hf isotope composition in this sample is observed between the core and rim of the largest grain analysed, which has a core with d
18 O of þ5Á6& and eHf (t) of þ7Á0 and a rim with d
18 O of þ6Á3& and eHf (t) of þ3Á9 (#9 and 10; Fig. 3 ).
French Creek Granite (QH08, 84Á1 6 0Á4 Ma)
The French Creek Granite is a composite alkaline, within-plate granite (A-type) pluton that intrudes the Early Cretaceous Hohonu Batholith, which formed coincidently with the onset of oceanic crust formation in the Tasman Sea . The studied sample (QH08) represents the main subsolvus biotite syenogranite unit. QH08 consists of up to 1 cm quartz and perthitic alkali-feldspar and subordinate plagioclase. Biotite is up to 3 mm across and brown to green pleochroic, sometimes partly altered to chlorite. Accessory phases include aenigmatite, apatite, allanite, opaques and zircon.
Zircon from QH08 is often complexly zoned, but the age distribution is relatively uniform. Inherited core analyses (#11, 17, and 23), anomalously young analysis #21 with high U and Th concentrations and commonPb, and analysis #13 with a large error and yielding an apparently older age than the core of the same grain (#12), were excluded before assessment for a magmatic age. The remaining 24 analyses on 15 grains have a weighted mean age of 84Á1 6 0Á5 Ma (95% CI) and a MSWD of 2Á6, suggesting the presence of multiple populations. Gaussian deconvolution can statistically divide the spectrum into three ages of 81 6 2 Ma, 83Á8 6 0Á5 Ma and 85Á7 6 0Á8 Ma (Fig. 4c) . Excluding the two youngest (# 16 and 24 with detected common Pb and suspected to have suffered Pb-loss as observed for #21) and three oldest (#4, 12 and 22) spot analyses allow the calculation of a concordant age for 19 analyses of 84Á1 6 0Á4 Ma (Fig. 4d) , slightly older than a previously published age of 81Á7 6 1Á8 Ma Whataroa Granite (P52280, 89Á5 6 0Á5 Ma)
The Whataroa Granite (Cox & Barrell, 2007 ) forms a $1 by 4 km outcrop adjacent to the Alpine Fault in South Westland, Fig. 2a . The granite is isolated and it is uncertain which unit it intrudes. P52280 is a deformed, coarse-grained alkali-feldspar megacrystic biotite granite that shows evidence for both ductile and brittle deformation. Pb ages 62r (Sambridge & Compston, 1994) . Individual ages are shown as ticks below the histogram, ages off the scale are listed individually and marked when the effect of Pb-loss is suspected. (b, d, f, h, j, l, n, p) illustrate common-Pb corrected Tera-Wasserburg Concordia diagrams (Isoplot: Ludwig, 2008 ) with concordant ages (sensu Ludwig, 1998) Zircon in P52280 is generally homogenous, but some grains have distinct cores; a total of 31 spots on 23 zircons were measured. When an anomalously young spot age with high U and Th concentrations (#12) and two inherited core analyses (#8 at $99 Ma and #20 at $537 Ma) are excluded, the remaining 28 analyses yield a weighted mean age of 89Á7 6 0Á6 Ma (95% CI) with MSWD ¼ 4 indicating the presence of multiple age populations. The ages can be unmixed into three populations of 87Á5 6 1Á1 Ma, 89Á5 6 0Á4 Ma and 92Á6 6 0Á9 Ma (Fig. 4e) . The youngest population of $87Á5 Ma seems statistically valid, but a core (#26) of this age is observed to have a slightly older rim (#25), suggesting young domains are affected by Pb-loss. The remaining two populations yield concordant ages of 89Á5 6 0Á5 Ma and 92Á5 6 0Á8 Ma, respectively (Fig. 4f) ; no conflicting core-rim ages were observed. We interpret 89Á5 6 0Á5 Ma to best approximate the crystallisation age of P52280.
Twenty Hiess et al. (2015) , which range from þ6Á2 to þ11. The reason for this discrepancy is unclear, but combined with the apparent bimodality in ages it suggests a complex history for the intrusion (see Discussion). The 537 Ma inherited core has an eHf (t ¼ 537 Ma) of -4Á0, whereas the 99 Ma core has an eHf (t ¼ 99 Ma) of 0Á0.
DSDP-207 rhyolite (P63855, 97Á044 6 0Á045 Ma) P63857 originates from a depth of 369Á13-369Á39 m below seabed in Deep Sea Drilling Programme borehole 207 (Van der Lingen, 1973) on the Lord Howe Rise to the northwest of Westland (Figs 1d and 2 ). The rhyolite is the deepest unit sampled and is overlain by Maastrichtian marine sediment. The studied sample is a glassy, flow-banded, perlitic rhyolite with quartz and sanidine phenocrysts up to 3 mm in size, with accessory opaque oxides and zircon.
Initial sample material for P63855 was limited and yielded only 8 small ($50 x 25 mm) homogeneous zircon grains. The weighted average age of six analyses is 96Á9 6 1Á5 Ma (95% CI) with a high MSWD of 2Á8 indicating a scatter in ages. The spectrum can be unmixed into two ages of 96 6 1 Ma and 98 6 1 Ma (Fig. 4g) ; the validity of this statistical approach on the limited number of analyses for this sample is, however, doubtful. In order to calculate the concordant age (Fig. 3h ) of 97Á1 6 1Á4 Ma (95% CI) the youngest and least concordant analysis (#7) was excluded. No inheritance was identified in our limited data set and a recent investigation on new sample material also found no inheritance among $100 zircon grains .
Four analyses of three grains from P63857 have heterogenous d
18
O between þ8Á1& and þ7Á0&, with an average of þ7Á5 6 0Á9 (MSWD ¼ 7Á9). The limited number of analyses does not allow further characterisation of the oxygen isotopic variability in this sample. Two analyses on a single grain yielded oxygen isotopic compositions within error.
Hafnium isotopes for this sample were measured on a second separate from the same sample reported in Mortimer et al. (2015) ; all grains in that study have ages close to the concordant age. Thirty-six analyses on as many grains vary between 176 Hf/ 177 Hf (t) of 0Á28274 and 0Á28286 (t ¼ 97 Ma), translating to eHf (t) between þ0Á4 and þ4Á7, with an average of þ2Á3 6 0Á3 (MSWD ¼ 2Á0), excluding analysis #36.
Stitts Tuff (QV18, 100Á9 6 0Á7 Ma)
Stitts Tuff (Nathan, 1978; Nathan et al., 2002 ) is exposed at the base of the Pororari Group terrestrial sediments, which fill extension-related graben structures in the Paparoa Ranges. Rather than a pristine tuff, the Stitts Tuff represents a lake sediment and contains both sandstone and an organic component. Deposition of the tuff constrains the age of graben structures during upper crustal extension in the Paparoa Metamorphic Core Complex (Tulloch & Kimbrough 1989; Muir et al., 1997) . The studied sample (QV18), from Stitts Bluff in the Buller Gorge (Fig. 2) , is a white, fine-grained well-bedded vitric rhyolitic tuff. The sample is dominated by finely laminated, partly devitrified glass and carbonaceous shale and contains angular quartz clasts of up to $0Á1 mm.
Zircon from QV18 is euhedral and typically 150 by 50 mm; a single grain is rounded. A total of 13 analyses on 10 zircon grains were obtained. The analyses show a scatter of ages that can be unmixed in multiple peaks. Two cores record ages of $98 Ma; one of these cores (#2), however, is overgrown by an older rim ($101 Ma) and indicates that the youngest ages are probably the result of Pb-loss. Further peak ages occur at $100 Ma, $103 Ma and $105 Ma (Fig. 4I ). An angular inherited grain has core and rim ages of $112 Ma (#7 and 8) and a rounded grain records an age of $725 Ma (#5). Because of the scatter in age data and variable 206 Pb/ 207 Pb no reliable concordant age could be calculated (Fig. 4j) . Instead, the weighted average of the spot ages for the four youngest non-Pb-loss analyses (#1, 3, 4 and 12) of 100Á9 6 0Á7 Ma is our preferred magmatic age.
Twelve O analyses in nine grains from QV18 vary between d
18 O of þ8Á7& and þ7Á4&. There is a bimodal distribution, with most grains having a d
O of þ7Á6& and a subordinate peak at þ8Á6&; the average value is þ7Á9& 6 0Á3 (95% CI) with MSWD ¼ 4Á2. Hf (t) of 0Á28248 and 0Á28257 (t ¼ 101 Ma), translating to eHf (t) between À8Á6 and À5Á6 with an average of À6Á9 6 0Á6 (MSWD ¼ 1Á7). Of two core-rim pairs, one shows lower eHf (t) (À8Á6) than the core (À6Á7) while the other pair is within error (-6Á8 and À6Á5). One analysed 111 Ma inherited core has a eHf (t ¼ 111 Ma) of À1Á5.
Canavans Quartz Monzonite (P45553, 102Á3 6 0Á4 Ma)
The Canavans Quartz Monzonite occurs as an isolated exposure on the northern side of Canavans Knob in South Westland, close to the Alpine Fault (Fig. 2a) . Similar to the Whataroa Granite, the contact with basement is not exposed. The studied sample is a fine to medium grained two-pyroxene hornblende biotite quartz monzodiorite (Tulloch et al., 2009a) .
Zircon from P45553 is euhedral and varies in size from up to 250 mm by 70 mm to smaller and also more elongate crystals, down to 100 mm in length (Fig. 3) ; 25 grains were analysed. No core and rim variations are visible in any of the mounted grains. Core-rim analyses of five grains confirm the absence of detectable age zoning of the zircon population and no clearly inherited grains or cores were identified. The weighted average age of 29 analyses is 102Á7 6 0Á5 Ma (95% CI), MSWD ¼ 10Á3. Gaussian deconvolution indicates that a small sub-population of older zircon domains exists in the sample (Fig. 4K ) with unmixed ages of 102 6 0Á4 Ma and 105 6 1 Ma. The 25 analyses of the younger age yield a concordant age of 102Á3 6 0Á4 Ma (Fig. 4l) .
O isotope compositions for 20 analyses of 17 grains from P45553 are homogeneous with d
18 O between þ 8Á2& and þ8Á8& and an average d
O of þ8Á52& 6 0Á09 (MSWD ¼ 0Á94). There is no core-rim variability observed in oxygen isotopes (Fig. 3) .
Because of zircon loss during polishing, a second mount with new grains was produced for the majority of the Hf isotope analyses. Hf isotopic compositions of the undated grains are homogeneous and in agreement with the two grains of the original mount that survived polishing. Based on these similar Hf isotopic compositions, optical homogeneity and extremely small variation in age and O isotope composition of zircon from this sample, the two sample mounts are assumed to represent the same population. Analyses of a total of 18 grains vary between 176 Hf/ 177 Hf (t) of 0Á28253 and 0Á28259, translating to eHf (t) between À6Á7 and À4Á8 with an average of À5Á7 6 0Á4 (MSWD ¼ 0Á41).
Buckland Granite (QV13, 111 6 1 Ma)
Buckland Granite forms the largest pluton of the widespread Early Cretaceous Rahu Suite and is a leucocratic, biotite-muscovite granite showing variable degrees of deformation (White, 1987) . It is exposed in the Buller Gorge and Paparoa Range where, together with its host rock gneiss, it forms the lower plate of the Paparoa Metamorphic Core Complex. The northern extent of the Buckland granite is defined by the Ohika detachment fault, which represents the edge of the core complex. The pluton has a clear deformational fabric throughout, interpreted to indicate emplacement during crustal extension related to formation of the Paparoa Core Complex (Tulloch & Kimbrough, 1989 ). The studied sample (QV13) comes from the northern extent of the pluton close to the Buller Gorge. It consists mainly of variably sized, dynamically recrystallized quartz and feldspar. Muscovite is the dominant mica phase with subordinate, partly chloritized biotite. Accessory opaque phases and zircon are also present.
Zircon grains from QV13 are variable in appearance; often cracked and with variable zonation (both regular and irregular), possibly as an effect of hydrothermal alteration (Corfu et al., 2003) . As noted previously (Muir et al., 1994) , the Buckland Granite has a complex zircon population, with a high proportion of inherited grains. A total of 23 spots on 13 zircons were analysed; <125 Ma spot ages (n ¼ 10, older spots are clearly inherited) display a wide range with a weighted average of 117 6 4 Ma (95% CI), with a high MSWD of 63 confirming the presence of multiple age populations. The spread in ages (Fig. 4m) has a main peak at 111Á0 6 0Á8 Ma with scattered older ages; a secondary peak at 114 6 1 Ma may have some significance, but is based on very few analyses. The youngest three analyses define a concordant age of 111 6 1 Ma (Fig. 4n) Hf of four concordant grains of <115 Ma varies between 0Á28259 and 0Á28276, translating to eHf (t) between À4Á7 and þ1Á5, average (excluding analysis #21): À3 6 4 (95% CI) and MSWD ¼ 4Á1. Older grains have variable eHf (t) between À3Á7 and þ2Á3. Core and rim analyses (#24 and #25) of a concordant grain yield eHf (t) within error (Hf isotopes corrected to their respective inherited ages).
Berlins Quartz Porphyry (QV04, 111Á5 6 0Á6 Ma)
Berlins Quartz Porphyry (Bowen, 1964; Nathan, 1974; Nathan, 2014 ) is composed of a series of up to several km-sized shallow granitic intrusions that are chemically homogeneous, but lithologically variable. They commonly consist of a granodiorite core surrounded by a glassy dacite (hyalodacite) margin carrying numerous country-rock xenoliths. This distinct morphology has been attributed to an emplacement mechanism where an initial explosive phase formed a glassy outer shell after which the remainder of the degassed magma intruded less violently, forming a more equigranular granodiorite (Nathan, 2014) . Berlins Quartz Porphyry was intruded into Greenland Group metasediments in the hanging wall of the Ohika Detachment Fault and is primarily found north of the Buller River (Fig. 2a) . These intrusions are considered to be part of the Rahu Suite (Tulloch, 1983; Muir et al., 1994) . The sample selected for study (QV04) is a hyalodacite from the Stable Creek Pluton (Nathan, 2014) . It contains mm-cm phenocrysts of plagioclase, quartz and biotite in a glass matrix. Phenocrysts are angular and fractured with biotite often forming buckled ribbons.
A total of 25 spots were analysed for age determination. Zircon in the sample is euhedral and elongate, typically showing regular growth zoning and sparse inherited cores that record a wide range in ages. Gaussian deconvolution of spot ages indicates the presence of two dominant ages (112Á0 6 0Á8 Ma and 114 6 1 Ma) and tailing older ages (Fig. 4o) . The dominant ages are concordant at 111Á5 6 0Á6 Ma and 114Á1 6 0Á5 Ma (Fig. 4p) . No conflicting core and rim analyses of these ages have been observed and the younger age is interpreted to represent the emplacement age, whereas older zircon domains are inherited from preceding magmatic activity. Several analyses reveal pre-Cretaceous inherited zircon, in accordance with field evidence for a significant cargo of crustal material. Of four inherited cores identified, two are discordant and the others have ages of $1 Ga and $2Á5 Ga. Two discordant analyses of a single core are close to a line between the intrusion age of the BQP and $863 6 120 Ma, which is taken as a best estimate for this grain. The remaining inherited grain must be older than 1300 Ma but is discordant. These older ages are consistent with inheritance from Greenland Group metasediments that have detrital zircon populations with age peaks at 500-600 Ma, 1000-1200 Ma and sporadic older zircons (Ireland, 1992; Ireland & Gibson, 1998; Nebel-Jacobsen et al., 2011; Adams et al., 2015) .
Oxygen isotope compositions for the youngest population of zircon (n ¼ 6) are uniform with a weighted average d O ofþ5Á0 6 0Á5& (>1300 Ma), þ5Á8 6 0Á4& (>350 Ma) and þ7Á3 6 0Á4& (>230 Ma).
Hafnium isotopes show a similar pattern with the young zircon population (n ¼ 6) having a uniform value with 176 Hf/
177
Hf between 0Á28252 and 0Á28258, translating to eHf (t) between À7Á0 and À4Á7 with a weighted average of À6Á1 6 0Á6 (MSWD ¼ 1Á3). Grains of 113-120 Ma have a similar variation with eHf (t) between À6Á6 and À4Á9. Older inherited grains have eHf (t) of À6Á9 (>1300 Ma) and þ2Á5 (>350 Ma) calculated at their respective ages.
Whole-rock compositions
A combination of previously published (Waight, 1995; Tulloch et al., 2009a; van der Meer et al., 2017a) and new whole-rock major and trace element and Sr-Nd isotopic data for the studied lithologies and a representative Greenland Group metasedimentary country rock (URC2) are presented in Table 2 . Most samples are fresh and thus are interpreted to accurately preserve their initial compositions. Stitts Tuff is an exception because it is a diagenetically altered, mixed lake sediment (Nathan, 1978) . Whole-rock SiO 2 concentrations range from $60 to 72 wt % (monzonite to granite/rhyolite). Harker diagrams (Fig. 5) show the studied samples compared to the predominantly Cretaceous Rahu, Separation Point and Darran suites, as well as Cretaceous alkaline lamprophyres from the region. Felsic magmatism in Westland between 113-72 Ma generally shows negative correlations of Al 2 O 3 , TiO 2 , Sr, Ba, Ce and Zr with increasing silica, whereas K 2 O, Pb and Th correlate positively. Felsic lithologies older than 100 Ma have distinctly lower concentrations of K 2 O, Ce and Zr, but higher Th concentrations at the same silica concentrations than observed for <100 Ma magmatism in Westland. Primitive mantle normalized trace element patterns (Fig. 6a) show general relative enrichment of fluid-mobile elements (e.g. Ba, Rb) and light over heavy rare earth elements (REE). Patterns are smooth with the exception of variable anomalies in Ba, Nb, Sr, Pb, Sr, Eu and Ti. Whole-rock Sr and Nd isotope compositions for >100 Ma samples cluster around 87 Sr/ 86 Sr (t) between 0Á707 and 0Á708 and eNd (t) between À5Á7 and À5Á8 (Fig. 6e) , with the exception of Stitts Tuff ( 87 Sr/ 86 Sr (t) ¼ 0Á7108 and eNd (t) ¼ -5Á1), potentially as a result of post-magmatic alteration. Younger lithologies are distinctly more radiogenic in Nd and mostly less radiogenic in Sr (Fig. 6g) and have compositions closer to mantle values. Zircon saturation temperatures (Watson & Harrison, 1983 ) differ between>100 Ma lithologies with temperatures between 747-767 C and younger lithologies between 789 and 868 C (see Table 1 ).
DISCUSSION
Comparison with previous chronology
The new geochronological results presented here are a refinement of many previously published ages (Waight et al., 1998a) are 812-848, average 830 C.
Fig. 5.
Harker diagrams for several major and trace elements. Reference suites are from the PetLab database (Strong et al., 2016) for Separation Point Suite and Darran Suite, Waight (1995) for Rahu Suite and van der Meer et al. (2017a) for primitive alkaline dikes from the Westland Dike Swarm. Whole-rock analyses for French Creek Granite are from Waight et al. (1998a) . Data for the remaining samples from Tulloch et al. (2009a) and this study; see Table 2 .
(summary in Table 1 ); The French Creek Granite has a reported zircon SHRIMP age of 81Á7 6 1Á8 Ma that is younger and less precise than the newly-acquired age (84Á1 6 0Á4 Ma). The 15 grains from the sample analysed by Waight et al. (1997) all had detectable common-Pb for which corrections needed to be applied, and this may have introduced additional uncertainty due to the assumed common-Pb composition. Significant common-Pb was only detected (and corrected for) in six out of 22 analyses used to calculate our concordant age, which would favour this age as being the crystallisation age of QH08. Moreover, it is also feasible that the French Creek Granite was emplaced during multiple magmatic pulses over several Ma. A similar dichotomy exists for Whataroa Granite. Tulloch et al. (2009a) reported a zircon ID-TIMS age of 88Á27 6 0Á05 Ma for five chemically abraded zircons from the same sample dated here (P52280) and (McDonough & Sun, 1995) normalized trace element patterns for Cretaceous felsic magmatism in Westland compared to the field defined by the Rahu Suite (Waight, 1995) , solid lines: >100 Ma, dashed lines: <100Ma. Representative biotite syenogranite EHR2 (Waight et al., 1998a) suggested that scatter in their results may be due to unquantified Pb-loss. Hiess et al. (2010) on the other hand reported an older zircon SHRIMP age of 92 6 2 Ma for 'Whataroa orthogneiss' from a nearby outcrop. Our SIMS analysis of zircon from P52280 suggests the presence of two zircon crystallisation ages of 92Á5 6 0Á8 and 89Á5 6 0Á5 Ma. The younger age of 89Á5 6 0Á5 Ma is slightly older than that determined by Tulloch et al. (2009a) , but preferred as the intrusion age because in situ analyses allow a more rigorous exclusion of disrupted domains in the zircon crystals. A subordinate population of grains and cores from our analyses at 92Á5 6 0Á8 Ma overlaps with the age of Hiess et al. (2010) . Therefore, the poorly exposed Whataroa Granite likely represents a composite pluton with a protracted intrusion and crystallization history where magmatism at 89Á5 6 0Á5 Ma recycled part of an older intrusion.
For DSDP-207 rhyolite P63855, insufficient in situ data are available to calculate a robust concordant age. Our age of 97Á1 6 1Á4 Ma does agree well with the previous zircon ID-TIMS age of 97Á04 6 0Á05 for this sample (Tulloch et al., 2009a) . The latter will be used subsequently.
The preferred Stitt Tuff crystallisation age (100Á9 6 0Á7 Ma) agrees well with previous SHRIMP dating at 101 6 2 and 102 6 3 Ma ) and a previous ID-TIMS age of 100Á25 6 0Á05 Ma (Tulloch et al., 2009a) . Older analyses show a complex distribution of ages and may represent detrital grains, consistent with a sedimentary origin. The $110 Ma grains lacking overgrowth structures could have been incorporated during crustal interactions with Buckland Granite or Berlins Porphyry-like lithologies prior to eruption (Fig. 1) or may be detrital and derived from surficial erosion of these rocks, in accordance with subaerial material mixing and short transport distances. These plutons were already at the surface and undergoing erosion during the deposition of the Stitts Tuff after rapid uplift associated with the formation of the Paparoa Metamorphic Core Complex (Tulloch & Palmer 1990; Adams et al., 2017) . The exact age of the Canavans Quartz Monzonite is unclear. There are only a few analyses in the data presented here that support the published TIMS age of 100Á94 6 0Á15 Ma for the same sample presented in Tulloch et al. (2009a) , yet there is no evidence for Pbloss that could explain the older age obtained here. Therefore, the available data do not allow an objective preference of either age. We will use the in situ age of 102Á3 6 0Á4 Ma for the Canavans Quartz Monzonite throughout this contribution.
The new age for the Buckland Granite (111 6 1 Ma) agrees with previous geochronological investigations: Muir et al. (1994) reported a zircon SHRIMP age of 109Á6 6 1Á7 Ma and noted a high abundance of inherited grains. Ireland & Gibson (1998) reported similar U/Pb and Th/Pb monazite SHRIMP ages of 110 and 111 6 2 Ma. Spell et al. (2000) interpreted 40 Ar/
39
Ar spectra on muscovite, biotite and K-feldspar from the neighbouring Steele Granodiorite (related to the Buckland Granite) to record intrusion at $109 Ma (or 111 6 1 from a hornblende 40 Ar/ 39 Ar isochron). Similarly, our preferred age for the Berlins Quartz Porphyry (114Á1 6 0Á5 Ma) agrees with a previous zircon SHRIMP U-Pb age of 111 6 2 Ma , a biotite 40 Ar/ 39 Ar age of 113 6 2 Ma (Spell et al., 2000) and an Rb/Sr isochron age of 111 6 3 Ma (Adams & Nathan, 1978) on other intrusions of Berlins Porphyry.
We emphasize that the minor differences between the ages presented here and previously published data do not change any relative timings or interpretations based on age and have no significant consequences for our overall conclusions. A more relevant result, however, is that several intrusives, such as the French Creek Granite, Whataroa Granite and Berlins Quartz Porphyry, may have protracted zircon crystallisation histories spanning several Myr and represent composite plutons. Such protracted zircon crystallisation histories exceed the maximum age of solidifying magma chambers (( 1 Myr, e.g. Coleman et al., 2004) , which are increasingly identified in New Zealand and elsewhere (e.g. Lipman, 2007; Bolhar et al., 2008a; van der Meer et al., 2017b) . The formation of multiple magma batches over several Myr appears to be a widespread process which commonly occurs in granitoids of various types and sizes.
Effects of fractional crystallization
Prior to determining the potential magma source compositions, chemical signatures caused by fractional crystallization must be accounted for. Features such as combined negative Ba, Eu and Sr anomalies are indicative of feldspar removal during magma chamber processes, as observed for the French Creek Granite and DSDP-207 rhyolite, and similar negative anomalies are observed for the Stitts Tuff (Fig. 6a) . For the latter sample, however, the signature is combined with anomalously low Na 2 O and K 2 O contents at high SiO 2 ( Fig. 5c  and d ) and is better explained by post-magmatic alteration of feldspar during diagenesis (Nathan, 1978) .
A negative Ti anomaly is persistent in all felsic suites, including the 110-72 Ma magmatism, and TiO 2 correlates negatively with silica (Fig. 5) . This feature can be explained by the ubiquitous removal of a Ti-bearing phase, perhaps superimposed on a pre-existing negative Ti anomaly in the source. Zr first increases, then decreases with increasing SiO 2 , indicating a change of Zr from an incompatible to a compatible element which is interpreted as the onset of zircon crystallisation and fractionation. Magmatism <100 Ma shows a parallel trend but at overall higher Zr concentrations for the mafic as well as felsic lithologies, indicating derivation from a more HFSE rich source.
Source distinction based on bulk compositions
Distinct elemental concentrations (e.g. K 2 O, Ce, Zr and Pb; Fig. 5 ) at similar silica contents and differences in, for example, Nb/Th between >100 Ma and <100 Ma felsic lithologies cannot be explained by a unique crystallization/contamination history and require distinct primary melt components. The Cretaceous marks a period where magmatism in Zealandia changed from subduction-related to intraplate and alkaline (Tulloch et al., 2009a; van der Meer et al., 2016) . The Darran, Rahu and Separation Point suites have distinct negative Nb anomalies, which attest to a dominantly subduction or recycled crustal origin. Similar relatively low Nb concentrations are also observed in Westland (inboard Gondwana) lithologies older than 100 Ma (including the Berlins Quartz Porphyry, Buckland Granite, Canavans Quartz Monzonite and Stitts Tuff). Felsic magmas generated between 97-89 Ma also have negative Nb anomalies, but these are smaller in magnitude and reflect generally slightly elevated Nb contents (DSDP-207 Rhyolite and Whataroa Granite). By contrast, the youngest (84-72 Ma) felsic intrusions have flat or positive Nb anomalies (French Creek Granite and Deep Creek Trachyte) similar to synchronous alkaline lamprophyres in the area (Waight et al., 1998a; van der Meer et al., 2016 van der Meer et al., , 2017a .
Combined Th and Nb concentrations normalized to Y can be used to discriminate between a mantle array formed by non-arc depleted and enriched mantlederived melts and lithologies that have a subduction/ crustal signature, expressed as a higher Th/Y at a given Nb/Y (Fig. 6b) . Most Cretaceous felsic magmatism in the Western Province is offset to high Th/Y relative to the mantle array and has crustal-like signatures, whereas magmatism younger than 100 Ma plots progressively closer to the mantle array with the $72 Ma Deep Creek Trachyte and primitive lamprophyre dikes plotting around the 'OIB' field. Comparison of Nb/Y with Y concentrations (Fig. 6c ) also shows that magmatism younger than 100 Ma is offset to higher Nb/Y in contrast to all older lithologies that define an array which can be explained by the relative roles of shallow fractionation and residual garnet (in which Y is compatible) in the source. The influence of garnet on the formation of mainly the Separation Point Suite and some Rahu Suite plutons Waight et al., 1998b, c ) is visible as an offset in Th/Y vs Nb/Y that runs parallel to the mantle array (Fig. 6b) . Incompatible element ratios that are generally insensitive to depth of melting (no clear correlation with SiO 2 , not shown) and fractional crystallization processes, such as Ce/Pb and Nb/Th (Fig. 6f) , further confirm a division between arc-related/ crustal suites (>100 Ma magmatism, local metasedimentary rocks and average continental crust), non-arc (MORB and OIB, including local alkaline dikes) and lithologies intermediate between arc and non-arc compositions (100-72 Ma felsic magmatism). The composition of the Rahu Suite mostly overlaps with the local metasedimentary crust, but also trends towards the Separation Point Suite (e.g. Fig. 6c and d) . The Rahu Suite is, therefore, plausibly the product of crustal contamination of a source related to the Separation Point Suite (cf. Waight et al., 1998b; Tulloch & Kimbrough, 2003) . In conclusion, only magmatism younger than 100 Ma is explained by an alkaline source component becoming more prominent with time. Magmatism older than 100 Ma has compositions related to various styles of arc-related magmatism combined with crustal assimilation.
Whole-rock Sr and Nd isotopes before 100 Ma
Strontium and Nd isotope compositions of 113-100 Ma magmatic rocks are identical to the spread in published values for the Rahu Suite (inset in Fig. 6e ) in accordance with the similarities in elemental parameters (Fig. 5) . Therefore, we propose that the Stitts Tuff and Canavans Quartz Monzonite should be considered the youngest identified representatives of Rahu Suite. Elemental concentrations in the Canavans Quartz Monzonite and Stitts Tuff vary significantly (Figs 5 and 6 ), but this may (in part) be due to post-magmatic alteration and mixed sources for the Stitts Tuff. The latter may represent the volcanic equivalent of the Canavans Monzonite, but it could also be the volcanic equivalent of a different, unknown, pluton. Tulloch et al. (2009a) suggested that these two lithologies are among the first to record an increase in A-type affinity or alkalinity in New Zealand. Based on our new appraisal of the data we modify this to suggest instead that a change occurred only after 100 Ma. As shown in Fig. 6e , the isotopic composition of the Rahu Suite is consistent with simple mixing between source components similar to those of the Separation Point Suite and Ordovician Greenland Group metasedimentary basement (see also Waight et al. 1998b) , which is also consistent with bulk-rock elemental parameters (Figs 5 and 6 ). Furthermore, $115 Ma inherited zircon grains found in the French Creek Granite have mantlelike oxygen isotope compositions and suggest the unexposed presence of Separation Point Suite plutons in the subsurface of the Hohonu Ranges area (Fig. 2) . The Buckland Granite and Berlins Porphyry (Rahu Suite) contain abundant inherited zircon overlapping with peaks in Greenland Group detrital ages (Ireland, 1992; Ireland & Gibson, 1998; Adams et al., 2015) consistent with a significant crustal component. From elemental ratios such as Nb/Y (Fig. 6c ) it follows that a Separation Point Suite-related source component for the Rahu Suite is a better candidate than the Darran Suite. Mixing of a mafic Separation Suite parental magma with crust probably did not occur during Rahu Suite emplacement because an isotopic compositional variability coupled to melt evolution would be expected. A more likely scenario is that the same magmas that underplated the outboard crust to form the Separation Point Suite source intruded and hybridized the crust at more inboard locations, creating a mixed and relatively fertile lower crustal source for later Rahu Suite magmatism.
Therefore, the three suites (Darran, Separation Point and Rahu) could be linked and share the same primitive source that generates the Darran Suite magmatism; the Separation Point Suite and Rahu Suite represent melting of crustal sources formed during Darran Suite emplacement. This scenario explains the tight clustering of Rahu Suite isotopic compositions for plutons of different sizes, locations, silica content and emplaced at different times. Varying degrees of crustal contamination during pluton emplacement (as evident from inherited zircon populations) occurred, but did not exert a dominant control on Rahu Suite compositions. Juvenile mantle-derived melts may have supplied heat, facilitating Rahu suite magmatism, but their chemical contribution appears to have been limited.
Whole-rock Sr and Nd isotopes after 100 Ma
The composition of <100 Ma magmatism is more radiogenic in Nd and less radiogenic in Sr (more depleted) than the preceding Rahu Suite. Elemental parameters (e.g. elevated HFSE contents, see above discussion) rule out a subduction-related primitive source component for the <100 Ma magmatism in the inboard Gondwana arc (Western Province). The source is likely associated with the source of mafic alkaline dikes (Fig. 6g ) that were emplaced in the area at 92-84 Ma and 72-68 Ma (van der Meer et al., 2013, 2016) . Mixing of alkaline dike compositions with either the older Rahu Suite granitoids and/or with metasedimentary basement rock recreates the observed isotopic compositions. The Whataroa Granite is best described by mixing with metasedimentary basement, consistent with the presence of $537 Ma inherited zircon. A decrease in crustal contribution with time is visible from DSDP-207 Rhyolite through the Whataroa Granite and French Creek Granite to the Deep Creek Trachyte that overlap isotopically with the Westland dike swarm. While these data only show locally controlled snapshots of magmatism during this time, the pattern supports the view advocated by Tulloch et al. (2009a) that the crust progressively thinned and that there was a decreasing crustal influence on melt composition, but only after 100 Ma when mafic alkaline magmatism initiated (van der Meer et al., 2016).
Combined O and Hf isotopes in zircon
The isotopic compositions recorded in zircons from felsic rocks are often modelled using relatively simple binary mixing models. These are preferred because the near equal concentrations of oxygen and uncertainty surrounding the distribution coefficient for Hf limit the usefulness of assimilation and fractional crystallization (AFC) approaches and preclude such models from yielding a significantly different result compared to binary mixing (e.g. Kemp et al., 2009) . Moreover, the mafic components of the Rahu Suite have similar isotopic compositions to more felsic counterparts (Fig. 7) and indicate that hybrid crustal sources rather than assimilation of crust in shallower magma chamber processes were dominant. A binary mixing model between potential crustal and mantle end-members is presented in Fig. 8 . The aim of the model is to explain the observed compositions of the sampled felsic rocks. Mixing between MORB/primitive arc basalts or a Separation Point Suite mafic melt (Fig. 8a) can reproduce the compositions observed in Rahu Suite zircons with a crustal component of around 40%. The homogeneity in Hf versus O space further suggests that these plutons originated from a hybridized lower crustal source. This is also consistent with the general absence of core-rim variations in O isotopes for non-inherited grains in these samples (Supplementary Data Fig. S1 ) as would be expected from significant crustal assimilation in a magma chamber.
Late Cretaceous (<100 Ma) Western Province felsic rocks are better explained by mixing of crustal material with mantle-derived components similar in composition to contemporaneous mafic intraplate magmas (Fig. 8b) which conforms with the whole-rock elemental and isotopic data. A relatively enriched, primitive endmember melt composition similar to that of the Westland dike swarms combined with $30% (DSDP-207 rhyolite, 97Ma), $20% (Whataroa Granite, 89Á5 Ma) and 10-0% (French Creek Granite 84Á1 Ma and Deep Creek Trachyte 71Á9 Ma) supracrustal materials can explain the Hf and O isotopic compositions of the felsic magmas generated after 100 Ma. The later granitoids are interpreted to be the result of direct mixing between (Kelemen et al., 2003; Workman & Hart, 2005) and a hypothetical Separation Point Suite primitive melt with eHf of 10 and the same Hf concentration. Average metasedimentary basement (Greenland Group) has an estimated eHf of -15Á3 (based on published Nd isotope data) and d 18 O of 13 (see Turnbull et al., 2018) after correction for fractionation between whole-rock and zircon of 2& (Valley et al., 1994) . ( primitive sources and crust, possibly combined with fractional crystallization, as has been proposed previously for the French Creek Granite (Waight et al., 1998a) and $72 Ma trachytes elsewhere in the region (van der Meer et al., 2017a) . Available analyses of core and rim O isotopes on non-inherited grains indicate more variability than for the Rahu Suite lithologies, in support of crustal contamination during magma emplacement and zircon crystallization (Supplementary Data Fig. S1 ).
Systematic compositional and isotope variations through time
Compositional variations with time (Fig. 9) show the gradual evolution in magmatic compositions on the edge of Gondwana throughout the transition from an arc to the separation of Zealandia and the formation of a continent. Prior to 100 Ma all lithologies have significant negative Nb anomalies and two parallel trends are visible in isotope space: the Darran and Separation Point suites have primitive Nd, Hf and O isotopic compositions, whereas the more inboard and generally younger Rahu Suite has a more evolved or crustal isotopic composition (Fig. 9b-d) . In all respects, the Canavans Quartz Monzonite and Stitts Tuff have isotopic systematics overlapping with the Rahu Suite and show no stronger contribution from an alkaline or any other mantle component compared to the bulk Rahu Suite magmatism. This confirms the findings based on whole-rock chemistry and the more robust recording by zircon suggests that some of the properties of, for example, the Stitts Tuff that would make the composition appear 'A-type' on some discrimination diagrams may be due to alteration processes. After 100 Ma, there is a transition to more primitive compositions; this transition is rather abrupt in whole-rock Nd and zircon Hf isotopes ( Fig. 7b and c) , but more gradual in oxygen isotopes (Fig. 7d) . These relationships are consistent with involvement of a new alkaline mafic source component with high HFSE and incompatible element concentrations (Figs 5 and 6) that dominates magmatic compositions during assimilation of relatively HFSEpoor crust. The near equal concentrations of oxygen in mantle and crustal rocks results in a more gradual change in oxygen isotopes. The French Creek Granite and Deep Creek Trachyte overlap both spatially and temporally with abundant alkaline lamprophyre intrusions (van der Meer et al., 2013 and have isotopic compositions overlapping with these primitive dikes. 
Thermal evolution of the lithosphere associated with changing melt sources
The thermal evolution of the crust during the transition from crustal overthickening to extension in New Zealand is broadly reflected in variable zircon saturation temperatures in the felsic magmatism spanning this period (e.g. Miller et al., 2003) . Water suppresses the solidus (e.g. Clarke, 1992) and is required for significant granitic melt generation in crustal collision zones (e.g. Thompson & Connolly, 1995) and played a dominant role in the generation and compositional variability of Rahu Suite magmatism (Waight et al., 1998c) . This corresponds to systematically lower zircon saturation temperatures (767-747 C) for >100 Ma magmatism than for younger lithologies (868-789 C). The latter indicates an increase in crustal temperatures after 100 Ma, which coincides with high grade metamorphism of the lower crust in the Eastern Province associated with crustal thinning (e.g. Jacob et al., 2017; Briggs et al., 2018) . This implies a heating episode for the underlying lithospheric mantle consistent with the onset of mantle melting in Westland from $92 Ma when mafic dikes and sills were first emplaced. The thermal transition has several implications for melt generation in the region. Rahu Suite magmatism ceased even though crustal temperatures rose and likely ended because of depletion of the lower crustal source, i.e. a decrease in fertility and water content. Melt generation is an endothermal process and it could be speculated that Rahu Suite magmatism hampered further heating of the crust and lithosphere up until it ceased at $100 Ma. Peridotite (McCoy-West et al., 2016) and lamprophyre (van der Meer et al., 2017a) U/Pb errorchrons indicate that the lithospheric mantle was enriched at around this time. Extension and associated crustal heating then proceeded for some $10 Myr before mantle melting peaked between 92 and 84 Ma ; therefore, the large-scale enrichment of the lithosphere did not need to have immediately caused magma generation.
Relationship between the Darran, Separation Point and Rahu suites
Having discussed the age of felsic magmatism and a source evolution that is consistent for whole-rock chemistry, Sr and Nd isotopes and zircon O and Hf isotopes, a refinement of the magmatic evolution of Gondwana's Cretaceous active margin (for New Zealand) can be formulated. The exact assembly of the margin prior to extension are topics of debate (e.g. Scott, 2013) and beyond the scope of this contribution. Therefore, our reconstruction starts just before 110 Ma (Fig. 10) . At this time: (1) the Darran Suite had been emplaced; (2) underplated lithologies that source the Separation Point Suite (e.g. Muir et al., 1998) were formed close to the arc region (Median Batholith); (3) the hybridized lower crustal source to the Rahu Suite had formed in the then backarc region (Western Province) (Fig. 10a) . Milan et al. (2017) proposed that the source of the Separation Point Suite was related to underthrusting of continental crust rather than underplating of melts. The mantle-like O isotope composition of Separation Point Suite plutons and rare occurrence of high Sr/Y melts within the Darran Suite (e.g. Muir et al., 1998) are, however, difficult to reconcile with this model. Furthermore, a major thrust fault required for tectonic thickening appears absent . Decker et al. (2017) noted that mafic segments (<50 wt % SiO 2 ) of the Western Fiordland Orthogneiss are inconsistent with melts derived from a mafic underplate and proposed that the Separation Point Suite represents an episode of slab melting. Slab melts may not be required if the Western Fiordland Orthogneiss in these deeper parts of the magmatic system were enriched in cumulate mafic minerals. Additionally, the occurrence of minor magmatism with elevated Sr/Y during the preceding Darran and following Rahu Suite are best explained by a more transitional change in melting conditions. Therefore, we prefer magmatic underplating related to the Darran Suite (outboard Gondana arc) either as (partial) slab melts or normal asthenosphere-derived arc basalts. Nevertheless, we consider that the connection between the sources of the Separation Point and Rahu suites is firmly established. 
Model for felsic magmatism during tectonic change
We observe minimal, if any, evidence for a juvenile, mantle-derived melt contribution to the Separation Point and Rahu suites. They are best explained by crustal re-melting during over-thickening, followed by orogenic collapse (Muir et al., 1995; 1998; Waight et al., 1998b, c;  this study) of the previously existing arc. From $110 Ma to $100 Ma (Fig. 10b) lithospheric extension continued through the formation of core complexes (e.g. Tulloch & Kimbrough, 1989; Spell et al., 2000) and the opening of graben structures filled with terrestrial deposits including Stitts Tuff. Melting of lower crust to produce the Rahu Suite magmatism continued, but becomes less pronounced during this period. The waning magmatism during progressive lithospheric extension is probably the result of decreasing fertility (and dehydration) of the lower crustal hybrid source after melt extraction, leading into an interval where magmatism is nearly absent. Synchronous granites from the Fosdick Complex in Antarctica (then along strike of Westland on the Gondwana margin) have overlapping elemental and (Sr-Nd-Hf-O) isotopic compositions to the Rahu Suite (Korhonen et al., 2010; Yakymchuk et al., 2013) . Yakymchuk et al. (2013) argued that the Antarctic granites are distinct from those in New Zealand based on comparisons with the then available O and Hf isotope data from the Separation Point Suite and Western Fiordland Orthogneiss. These units are situated within the arc rather than inboard of the arc and, therefore, we argue here that the Fosdick Complex represents an along-strike equivalent to the Rahu Suite. An episode of lower crustal melting thus applies to the larger scale of the back-arc region of the former Gondwana margin.
After 100 Ma, lower crustal melting appears to cease and with time was replaced by melts derived from an alkaline HIMU-like mantle source (Fig. 10c) . While no mafic representative is known, the composition of the $97 Ma DSDP-207 Rhyolite provides scarce data on magmatism in the Western Province just after 100 Ma and may already record a change to alkaline magmatism. Independent evidence (a change in mafic magmatism hinting at source enrichment at $100 Ma (van der Meer et al., , 2017a and U/Pb errorchrons indicating metasomatism in the continental lithospheric mantle from $100 Ma (McCoy-West et al., 2016) ) suggests that an alkaline source component was present in the lithospheric mantle from $100 Ma. Importantly, $104 Ma exhumed sub-arc mantle (Czertowicz et al., 2016a) does not possess a HIMU-like alkaline overprint (Czertowicz et al., 2016b) . From $92 Ma to $84 Ma mafic alkaline (lamprophyre) dikes intruded, accompanied by scarce felsic magmatism in the form of the Whataroa and French Creek Granites and several phonolite dikes (van der Meer et al., 2017a) . During a second period of tectonism and magmatic activity (72-68 Ma), the Deep Creek Trachyte and other trachytes were intruded along with a second pulse of lamprophyre dikes. These trachytes likely represent the evolved and crustally contaminated derivatives of the lamprophyres. Cretaceous alkaline intraplate magmatism on the Gondwana margin appears to have been largely restricted to Zealandia, corresponding to crust that experienced the most extension during this time.
Implications for crustal growth during continental extension
Arc and extension-related magmatism are both important in accommodating crustal growth, i.e. transportation of mantle-derived material to the continental crust, that is then to a degree resistant to subduction and transportation back into the mantle. Based on combined Hf and O isotope data for zircon, Kemp et al. (2006) postulated that crustal growth is mainly expressed by I-type granitoids that represent a mixture between juvenile melt and pre-existing crust. Our interpretation of the I-to I/S-type Rahu Suite as mainly a product of lower crustal re-melting indicates that this is unlikely to be a universal rule and that the introduction of a juvenile component into the crust (i.e. growth) can occur much earlier than granite emplacement and zircon crystallization. The Separation Point and Rahu suites represent significant magma volumes but they are dominated by re-melting of underplated basaltic melts and hybridized lower crust, i.e. there is little or no net transport of material from the mantle to the crust. Therefore, the Rahu and Separation Point Suite intrusives in New Zealand mainly represent crustal reprocessing after an episode of crustal growth associated with previous arc magmatism. The magmatic flare-up and crustal growth associated with the Separation Point Suite (e.g. Milan et al., 2017; Schwartz et al., 2017) included increased volumes of crustal addition which are only manifested later (as Rahu suite) through melting of impregnated lower crust. By contrast, juvenile mantle material was directly added to the crust after 100 Ma associated with alkaline magmatism. Volumes of alkaline magmatism are, however, negligible compared to those of crust produced within magmatic arcs and have no significant effect on crustal growth rates.
CONCLUSIONS
Felsic magmatic suites spanning the evolution of Gondwana's active margin (present day New Zealand) from active arc through crustal over-thickening, orogenic collapse, extension and continental breakup are associated with changing magma sources and degrees of crustal reworking. Our main conclusions are as follows:
1. Magmatism on the outboard arc (Darran Suite) likely resulted in magmatic underplating of the crust which re-melted to form high Sr/Y (adakite-like) intrusives during crustal overthickening (Separation Point Suite) and hybridized underplated melts with lower crust in the back-arc region (inboard Gondwana). 
